In this work, electrical properties of lateral n-channel MOSFETs implanted with different nitrogen doses ([N]) in the channel region were measured by Hall-effect technique at 300K. A mobility improvement with increasing [N] is observed. Interface trap density (D it ) was determined from the experimentally measured Hall carrier density. Our results show a high D it near and within the conduction band that does not change significantly when [N] is increased, despite observed mobility improvement.
Introduction
Among wide band gap semiconductors, silicon carbide (SiC) attracts great attention for fabrication of high power and high temperature devices. This is due to its superior physical properties compared to silicon (Si) and because silicon dioxide (SiO 2 ) can be thermally grown in oxidizing ambient. Significant progress has been made with respect to interface passivation, specifically with post-oxidation annealing in NO or N 2 O atmosphere [1, 2] and N implantation [3] , providing acceptable channel mobilities. However, the performances of actual SiC metal oxide semiconductor field-effect devices (MOSFET) are still below expectations because of the high density of interface traps D it at the SiC/SiO 2 interface. Charge trapping is known to impact the effective mobility and to shift threshold voltages (V th ) of MOSFETs [4] . Charge trapping also impacts the carrier charge density (n inv ) and carrier mobility (µ H ), which can be accurately measured by Hall effect. An accurate determination of D it is necessary for further improvement of MOSFET's performance. The quantification of the acceptor-like interface state density can be performed by Hall measurements [5] [6] [7] for the trap energies near and above the conduction band in contrast to capacitance-voltage measurement technique, which is limited to lower energies of traps.
In this paper, we present results of Hall effect characterization of MOSFETs fabricated using different processes. We describe in details the D it calculation method used in this work, and we discuss the impact of N implantations on electrical properties of 4H-SiC MOSFETs.
Experimental
Hall-bar n-channel MOSFETs studied in this work have been fabricated on p-implanted wells in n-type 4°-off angle 4H-SiC (0001) epitaxial layers from CREE Inc. at the Fraunhofer Institute for Integrated Systems and Device Technology (IISB). The gate oxide was grown by thermal oxidation in N 2 O atmosphere at 1553 K and subsequently annealed in N 2 ambient for 30 min at the same temperature. In the MOSFETs studied, two acceptor background concentrations N A (1·10 17 and 5·10 17 cm -3 ) were used and [N] into the channel region prior to the gate oxidation was varied from zero to 10 14 cm -2 . For all devices, the implantation energy of nitrogen was 20 keV. Additional details of the fabrication process can be found in Table 1 and elsewhere [8] . MOS Hall measurements were carried out at 300 K with gate voltages (V G ) up to 20 V using an Accent HL 5500PC Hall effect set up; details can be found in [9] . A drain voltage of 100 ± 5 mV was applied to ensure a spatially homogeneous inversion channel between drain and source. The inversion layer carrier density n inv and the Hall mobility µ H were calculated assuming a Hall scattering factor r H = 1.
Interface trap density calculation method
Our method of determining = / is based on the direct measurement of n inv (V G ) by Hall effect, as described in refs [5] [6] [7] . Knowing a theoretical n inv (V G ) curve (assuming no defects), the trapped charge density can be determined by a comparison with the experimental Hall data on n inv (V G ). For clarity and better readability, notations and symbols are summarized in Table 2 . Several assumptions have been made in our calculation: 1-we assume a charge sheet model, i.e. inversion charges as well as the implanted N atoms are located in a very thin layer located in SiC at the SiC/SiO 2 interface (this allows the approximation of inversion charge as the difference between the total induced charge and the depletion charge), 2-there are no mobile charges in the oxide, 3all acceptors are ionized [10] and 4-the acceptor density is uniform and much higher than the donor density. Due to the possible compensation effect due to N implantation [16] , this last assumption is probably not valid in the MOSFETs implanted with the higher N doses (> 2x10 13 cm -2 ), which were therefore not considered in the D it extraction procedure. 
Conduction band
For the determination of D it , we first need to calculate ψ S for each experimental n inv . For this, semiconductor total charge Q sc , that is the inversion charge and the depletion charge, was calculated solving numerically the 1D Poisson equation [11] and using Fermi-Dirac statistics. In MOS structures, the relationship between ψ S and n inv is independent of n f and n it . Thus, for each experimental n inv point, ψ S can be determined knowing ( ) and Q dep ( ) . This was done solving numerically Eq. 1 for ψ S . The second important step in this method is to calculate a "theoretical" value for V G (ψ S ) using Eq. 2 and assuming no fixed and no trapped charges (i.e. the last term of Eq. 2 being equal to zero). Finally, the density of immobile charges ( ) = ( ) + is determined from the difference between the theoretical and experimental values of 
Results and discussion
Hall mobility and inversion carriers density as a function of gate voltage for different MOSFETs are plotted in Fig. 2 . 
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One can observe in Fig. 2(a) , that Hall mobility increases with [N]. This observation is consistent with other reports [3] . Among normally OFF MOSFETs, which are better suited for applications, the peak mobility tops at 54 cm -2 .V -1 s -1 at [N] = 2·10 13 cm -2 . The observed increase of the electron mobility is attributed to a lower Coulomb scattering in MOSFETs [9, 12] . Moreover, the increasing [N] shifts the whole n inv (V G ) line, which is equivalent to a shift of V th . For implanted devices with low [N] the n inv (V G ) slope doesn't change significantly. MOSFETs implanted with higher [N], which exhibit a normally ON behavior, show a less steep variation of n inv (V G ) at low V G (Fig. 2(b) ). MOSFET with lower N A (1·10 17 cm -3 ) and without N implantation exhibits a higher peak mobility of 26 cm 2 V -1 .s -1 .
To better understand the increase of mobility with increasing [N] and with decreasing N A , D it as a function of energy trap (E t = E F + q ψ S ) was calculated as described before. To reduce a large scattering of raw measurement data, n inv (V G ) curves were smoothed using a polynomial of 4 th degree. Results are presented in Fig.3 . As it can be seen, the interface traps determined by the Halleffect measurements extend from the near conduction band edge to a few 100 meV into the conduction band. Moreover, D it curves show very high trap concentration levels (~ 10 14 cm -2 eV -1 ) especially for states with energy above the bottom level of conduction band. It should be noted that the existence of interface traps with high densities within the conduction band has been also reported for InGaAs and Ge MOSFETs [13, 14] . Since µ H is improved with increase [N], one would expect that D it should diminish. However, different samples show very similar D it independently of [N] . This allows us to conclude that the higher µ H of N implanted MOSFETs cannot be attributed to a decrease of D it . The increase of the electron mobility in the inversion layer of nitrogen implanted MOSFETs could result from the lowering of the electric field at the SiC surface associated with the decrease of the threshold voltage due to the donor nature of the implanted nitrogen atoms.
To go further, D it (E t ) of non-implanted MOSFETs were fitted using Eq. 5, where ∆ is the bandedge density of states and σ is band-tail energy. Once n it determined using Eq. 6, n inv (V G ) curve can be calculated and compared to experimental one using Eq. 2 and assuming n f = 0 (semi-dotted curve in Fig. 1 ). The shift between experimental and simulated curves ∆V is attributed to fixed oxide charges. Thus, this difference allows the determination of n f using Eq. 7. Table 3 summarizes calculated values of n f , ∆ and σ of not N implanted MOSFETs. The calculated density of fixed charges is consistent with the one determined in the simulation of transfer characteristics, performed with Sentaurus Device of Synopsis [15] . Regardless the increase of mobility observed with the decrease of N A , ∆ and σ values, extracted from D it fits of both MOSFETs, are very close. The only difference being a lower n f for MOSFET with lowest N A confirms that the improvement of mobility in this case comes from a decrease of Coulomb scattering.
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Conclusion
In this study, Hall-effect measurements were used to investigate the impact of a shallow-profile nitrogen implantation on the electrical properties of 4H-SiC n-MOSFETs. The increase of nitrogen implantation dose improves the mobility of inversion carriers and decreases threshold voltage of n-MOSFETs. The densities of interface traps, determined from Hall measurements, showed large traps levels of about 3·10 13 cm -2 .eV -1 near the conduction band edge and even higher densities within the conduction band. In spite of the mobility improvement with increasing of Nitrogen implantation doses, a lowering of density of the interface states near the conduction band was not observed.
